Alfalfa seed production in the northwestern United States and western Canada is heavily dependent upon the pollinating services of Megachile rotundata (F.) (Hymenoptera: Megachilidae). M. rotundata females nest in cavities either naturally occurring or in artificial nesting blocks. Because of the physical nature of the nest, M. rotundata brood may have limited to no exposure to photoperiodic cues in order to regulate important circadian functions. Therefore, various thermoperiod regimes were used to characterize the possible role of thermoperiodism in synchronizing M. rotundata adult emergence. Adult emergence was monitored using a microprocessor-controlled event logger. Incubating bees under constant 29 C and darkness resulted in an arhythmic adult emergence pattern. Exposing developing M. rotundata to a thermoperiod synchronized emergence to the beginning of the thermophase and decreased the total number of days required for all adults to emerge. The amplitude of the thermoperiod regulated the timing of peak emergence in relationship to the increase in temperature. A thermoperiod amplitude of only 2 C was sufficient to synchronize peak adult emergence to take place during the rise in temperature. Increasing the amplitude of the thermoperiod to 4 or 8 C caused a positively correlated shift in peak emergence to later in the thermophase. Brood stored under constant 29 C and darkness for different durations (May or June early in the growing season or July or August late in the growing season) or under a fluctuating thermal regime (base temperature of 6 C and daily 1-h pulse of 20 C until September or November) maintained their capacity for entraining emergence timing by thermoperiodism.
Insect pollinators in 2005 provided E153 billion (US$200 billion) of economic value to worldwide human food production (Gallai et al. 2009 ), a valuation that does not include nonfood agricultural production, cattle, or nonagricultural ecosystems. Gallai et al. (2009) also speculated about increases in health care costs as a result of decreases in fruit and vegetable availability due to declining populations of insect pollinators. Within the United States, agricultural valuation of insect pollinators for 2009 was calculated to be between US$26.7-28.7 billion, with the honey bee accounting for 60-64% of the valuation (Calderone 2012) . Because of its dominant role in crop pollination, the decline in the worldwide honey bee population is raising alarm. Calderone (2012) reviewed a number of possible solutions if the decline in honey bee population continues, ranging from hand pollination to increasing uses of wild and managed non-Apis bees. A heavier reliance on managed non-Apis bees will require the development of new husbandry protocols for new species and improved protocols for species currently under management to increase both their quality and quantity.
One of many challenges in developing these management systems is the need for low-temperature storage, and in some species such as Megachile rotundata (F.) (Hymenoptera: Megachilidae), there is a need to be able to store multiple developmental stages (Waters 1969 , Johansen and Eves 1973 , Rank and Goerzen 1982 , Richards et al. 1987 , Kemp and Bosch 2001 . Adult female M. rotundata are solitary cavity nesters that construct a linear series of brood cells in naturally occurring cavities or in nesting blocks provided under managed conditions. The female provisions each cell with pollen and nectar and desposits a single egg in each cell. Under
Published by Oxford University Press on behalf of Entomological Society of America 2015. This work is written by US Government employees and is in the public domain in the US. normal management practices, the brood of the alfalfa leafcutting bee, M. rotundata, is removed from the field and stored en masse as diapausing prepupae for use in the following growing season (Pitts-Singer and Cane 2011). In the spring, the prepupae are removed from overwintering storage and placed in incubators to initiate development. If the weather changes so the bees will emerge before the bloom, the bees will need to be exposed to temperatures below the developmental threshold (second storage) in order to delay development to synchronize female nesting activity with peak bloom (Waters 1969 , Undurraga and Stephen 1980 , Stephen 1981 , Rank and Goerzen 1982 , Richards 1984 .
Suboptimal storage conditions can induce stress that can lead to premature mortality or reduced fitness. Decreasing the storage temperature from 10 to 5 C resulted in a significant decrease in survival in overwintering M. rotundata prepupae (Richards et al. 1987) . Increasing the duration of the overwintering storage led to decreased survival (Rinehart et al. 2013 , Abdelrahman et al. 2014 . Spring-incubated bees exposed to constant low-temperature storage regime experienced a higher mortality rate compared to bees stored under a fluctuating thermal regime (FTR) in which a daily high temperature pulse was given (Rinehart et al. 2011 , Yocum et al. 2012 . Estimating the effect of a specific environmental factor may require more comprehensive methods than just knowing whether the insect dies prematurely or not. Storage of M. rotundata prepupae under hypoxia decreased adult longevity and induced behavioral abnormalities, even though bees emerged as apparently viable adults (Abdelrahman et al. 2014) . In order to ensure long-term availability and quality of alternative pollinators, the development of any storage strategy must go beyond the scoring of storage-induced mortality and examine for more subtle, nonlethal effects of storage that may affect pollinator quality.
A characteristic trait of all organisms is rhythmicity, the predictable cyclic fluctuation in physiological traits and activities (Saunders et al. 2002, Koukkari and Sothern 2006) . The timing of these biological rhythms is set (entrained) by naturally recurring cycles (photoperiodism, thermoperiodism, and others) within the environment, thereby synchronizing an individual's physiology and activities to its surroundings (Saunders et al. 2002, Koukkari and Sothern 2006) . Characteristics of environmental cycles other than their timing can modulate an organism's entrainment response. For example, thermoperiodism entrains the onion fly, Delia antiqua (Meigen), flesh fly, Sarcophaga crassipalpis Macquart, and Indian meal moth, Plodia interpunctella, while the amplitude of the temperature difference within the thermoperiod affects the timing of emergence relative to the Zeitgeber (Tanaka and Watari 2002 , Miyazak et al. 2011 , Kikukawa et al. 2013 . Besides naturally occurring cycles, biological rhythms can also be entrained by a stress event (Yocum et al. 1994 , Joplin and Moore 1999 , Jarsky and Stephenson 2000 , Weibel et al. 2002 , Mistlberger et al. 2003 , Kijak et al. 2013 ). These stress-induced changes are misaligned with the environmental cycles, arguing that the changes are not likely adaptive. Some stress-induced changes may persist over the course of development (Yocum et al. 1994 ). Therefore, monitoring for possible changes in the biological rhythm of a physiological trait or activity offers a sensitive measurement for possible sublethal effects of storage. Adult M. rotundata emergence "usually" occurs during the early morning, and timing of emergence can be altered by a single low-temperature pulse Stephen 1970, Klostermeyer 1982) . Tweedy and Stephen (1970) and Klostermeyer (1982) observations are suggestive that adult M. rotundata emergence timing may be entrained by thermoperiodism.
This investigation is the first in a planned series of experiments to explore the possibility of using emergence timing as a biomarker for possible sublethal effects of storage. The objectives for this investigation were to: 1) determine if M. rotundata emergence is entrained by thermoperiodism; 2) if emergence is entrained by thermoperiodism, determine the magnitude of the thermoperiod that is needed for entrainment; and 3) determine if the deleterious effect of prolonged storage alter M. rotundata response to thermoperiodism as it relates to synchronizing adult emergence.
Materials and Methods

Insects and Storage Regime
Bees used in this investigation were from the 2010 and 2011 broods and were purchased from JWM Leafcutters, Inc. (Nampa, ID) as loose bee cells. All prepupae were stored under constant 6 C in darkness upon receipt from JWM Leafcuters. The prepupae were subdivided into two experimental groups either stored under constant 6 C in darkness (static thermal regime, STR) or stored in darkness at 6 C with a daily (11:00-12:00) high-temperature pulse at 20 C (fluctuating thermal regime, FTR) (Rinehart et al. 2011 , Yocum et al. 2012 . Prepupae treated under FTR were transferred to the FTR from the STR conditions in mid-May of each year (Table 1) . Bees were grouped based on storage regime and duration of storage: early season STR (April to June), late season STR (July to September) and FTR (September to November). Temperature Treatments Prepupae were transferred from either STR or FTR storage conditions to the thermoperiod treatments to initiate development. Treatments were carried out in environmental chambers (Percival models PCG-105 and I30BLL Percival Scientific, Perry, IA). The chambers were calibrated before conducting the experiments using a data logger (Omega HH506R, Omega Engineering, Stamford, CT) with a type-T 30-gauge copper-constantan thermocouple. Temperatures were maintained within 60.5 C. The 2, 4, and 8 C thermoperiods had a mean temperature of 29 C and consisted of an 11-h cryophase (28, 27, or 25 C, respectively) and an 11-h thermophase (30, 31, or 33 C, respectively) and two separate 1-h temperature transition periods (ramps; Table 1 ). The thermophase ran from 08:00 to 19:00 and cryophase ran from 20:00 until 07:00 for each thermoperiod. All temperature treatments were carried out under darkness.
Monitoring of Eclosion
Eclosion was monitored using a modified Watari apparatus (Watari 2002) placed inside the environmental chambers used to administer the thermoperiod regime. The apparatus consisted of racks of 100, 0.5-ml microcentrifuge tubes (Fisher Scientific Pittsburgh, PA) with the caps removed. The prepupae still within the their cells were placed posterior end first into the microcentrifuge tubes, one prepupae per microcentrifuge tube. Atop each prepupae was placed a 6mm plastic ball (Softair, Grapevine, TX) followed by a 4.5-mm steel ball (Crosman, NY). Once the prepupae and both sets of balls were loaded, a plate with holes sized to block the possible escape of the larger ball (but still allowing the smaller ball through) was fastened to the front of the rack. The racks were placed upon the collection device so that the microcentrifuge tubes with the prepupae were near horizontal with the back of the microcentrifuge tubes a little lower than the front. When the adult bee emerged, it pushed the larger ball forward, which in turn ejected the smaller ball free of the rack of microcentrifuge tubes. The small ball created a signal when passed through a 5-mm infrared detector (Lite-on Electronics, Inc., Milpitas, CA) and the signal was recorded using an Arduino Mega board (Sparkfun Electronics, Boulder, CO) connected to a computer using custom software. Data collected were the date and time each bee emerged, and the temperature of the chamber. The period of time from when the first bee emerged until the last bee emerged defines the emergence duration period.
Statistical Analysis
A total of six racks (600 prepupae) were used for each thermoperiod-storage regime pairing. The data were parsed into 15min blocks starting at 00:00 each day. Data were analyzed using a general linear model with storage regime and thermoperiod as independent variables, and time of day and day of emergence as the dependent variables. Pairwise comparisons were carried out using Bonferroni-corrected post hoc tests (IBM SPSS, version 22).
Results
Thermoperiodism Synchronization of Emergence For objectives 1 and 2, early season bees incubated under a constant 29 C emerged throughout the 24 h of each day over the course of 14 d. In this group, a thermoperiod significantly affected the time of emergence (F 3, 2108 ¼ 483.8, P < 0.001), concentrating emergence around the time that the temperature was ramped up (Fig. 1) . Pairwise comparisons revealed significant (P < 0.001) differences in the mean time of day of emergence between each treatment groups. The time of day of emergence decreased from 13:36 6 0:08 h (mean 6 SEM, rounded to the nearest minute) in the constant 29 C controls to 07:13 6 0:08, 08:5 6 0:08, and 9:01 6 0:08 hours in the 2-, 4-, and 8-degree thermoperiods, respectively.
Besides grouping the emergence of the bees around the increase in temperature, the three thermoperiods also significantly decreased the emergence duration period (Fig. 1; F 3 , 2108 ¼ 119.53, P < 0.001). The pairwise comparison revealed significant differences in the mean day of emergence between each treatment group (P < 0.001), except for the 2-and 4-degree thermoperiods. The day of emergence decreased from 5.6 60.07 d (mean 6 SEM, rounded to the nearest hundredth of a day) in the constant temperature controls to 4.3 6 0.07, 4.3 6 0.07, and 3.8 6 0.07 d in the 2-, 4-, and 8-degree thermoperiods, respectively.
Comparing Storage Regimes
For objective 3, late-STR and late-FTR bees exposed to a thermoperiod during incubation induced significant shifts in the mean time of day of emergence (F 3,1825 ¼ 55.14, P < 0.001, and F 3,1584 ¼ 71.06, P < 0.001) and the mean day of emergence (F 3,1825 ¼ 65.15, P ¼ 0.001, and F 3,1584 ¼160.29, P < 0.001) as compared to their respective constant 29 C controls, a response similar to that observed in the early STR bees (Fig. 2) . Incubating early-STR, late-STR, and late-FTR bees at a constant 29 C revealed significant (P < 0.001) between-group differences in the mean time of day (13:36, 10:24, and 11:18 h, respectively) and in the mean day of emergence (5.6, 5.0, and 4.2 d, respectively). Compared to the constant 29 C controls, the largest decrease in the mean time of day of emergence occurred in the 2-degree thermoperiod with the mean time of emergence for the three storage groups occurring between 07:00 and 07:45 h, which coincided with the increase in temperature. The only between-group difference in the 2-degree treatment were between the late-STR and late-FTR bees. In the 4-and 8-degree thermoperiod treatments, the mean emergence times for the three storage groups occurred 30 to 75 min (08:30 to 09:15 h) after the temperature reached the thermophase of the thermoperiod. No between-group or treatment differences were found in the mean time to emergence in either the 4-or 8-degree thermoperiods.
Incubating the three storage groups under a thermoperiod significantly affected the mean day of emergence ( Fig. 2 : F 3, 2108 ¼ 151.660, P < 0.0001). The mean number of days to emergence varied from 5.6, 4.9 to 4.2 d in the early-STR, late-STR, and late-FTR storage groups incubated under a constant 29 C. Incubating the bees under a thermoperiod induced a significant decrease in the number of days to emergence in all treatments except for FTR bees exposed to 2-degree thermoperiod. The mean number of days to emergence increased from 4.2 in the 29 C to 5.3 d in the 2-degree thermoperiod, and then decreased to 3.6 and 2.8 d in the 4-and 8-degree thermoperiod treatments, respectively. In the early-and late-STR storage groups, the mean number of days to emergence decreased as the temperature oscillation of the thermoperiod increased. There were significant (P < 0.001) between-treatment differences, but not within-treatment differences for the 2-and 8-degree thermoperiods. For the STR groups, the 4-degree thermoperiod appeared to be a transition treatment. For the early-STR group, the 4-degree thermoperiod mean days to emergence was not significantly different from the 2-degree thermoperiod, but was significantly different from the 8-degree thermoperiod.
Discussion
Due to their habitat, some developmental stages of insects are not exposed to a photoperiod and depend on thermoperiods to synchronrize their biological rhythms to their environment. Insects pupating in the soil such as the dipterans, Drosophila pseudoobscura Frolova (Zimmerman et al. 1968 ), Chymomyza costata Zetterstedt (Lankinen and Riihimaa 1997) , D. antiqua (Watari 2002) , Glossina morsitans Westwood (Zdarek and Denlinger 1995) , and S. crassipalpis (Miyazaki et al. 2011 ) and the lepidopterans, Heliothis virescens (F.) (Roush and Schneider1985), Homoeosoma eletellum (Hulst) (Riemann 1991) , and Mamestra brassicae (Linnarus) ) use thermoperiodism to entrain adult eclosion timing. As a cavity nester, M. rotundata would have limited exposure to photoperiodic cues. Tweedy and Stephen (1970) reported that emergence timing of M. rotundata (removed from their cocoons) was not responsive to light, though they only subjected the bees to a single light pulse. Oxygen consumption rhythms of immature (removed from their cells) and of adult M. rotundata couldn't be entrained by a 12:12 photoperiod (Tweedy and Stephen 1971) .
Previous research has demonstrated that M. rotundata emergence is arhythmic under constant temperature in conjunction with either constant light, constant darkness, or a photoperiod (Tweedy and Stephen 1970) . Consistent with the Tweedy and Stephen (1970) , we found that M. rotundata emergence is arhythmic under a constant temperature regime. Similar arhythmic emergence patterns under constant temperatures have been shown for H. eletellum (Riemann 1991) , H. virescens (Roush and Schneider 1985) , D. antiqua (Tanaka and Watari 2003) , and Trichogramma evanescens Westwood (Zaslavski et al. 1995) . A rhythmic emergence pattern for M. rotundata can be established by a single low-temperature pulse just before the initiation of emergence (Tweedy and Stephen 1970 ). The entrained bees maintained peak emergence rhythm of 22.67-23.25 h for 8 d following the low-temperature pulse.
The timing of peak emergence for insects synchronized by thermoperiodism varies depending on the species examined, with D. antiqua (Watari 2002) , S. crassipalpis (Miyazaki et al. 2011) , and G. morsitans (Zdarek and Denlinger 1995) emerging just before or after the temperature rises, whereas in M. brassicae , H. eletellum (Riemann 1991) , and H. virescens (Roush and Schneider 1985) , emergence starts just before or after the decrease in temperature. In this investigation, entrainment by thermoperiodism synchronizes adult M. rotundata emergence to the beginning of the thermophase. This result is consistent with the observation that M. rotundata under field conditions "usually" emerges in the early morning (Klostermeyer 1982) . The sensitivity of insects to temperature fluctuations for synchronizing biological rhythms is remarkable. A temperature fluctuation of only 0.4 C was able to establish rhythmicity in G. morsitans (Zdarek and Denlinger 1995) . A thermperiod amplitude of 1 C for D. antiqua (Tanaka and Watari 2003) , M. brassicae , and S. crassipalpis (Miyazaki et al. 2011 ) was enough to entrain adult eclosion. The entrainment of M. rotundata emergence timing by a 2 C temperature fluctuation is, therefore, well within the range reported for other species.
The low heat conductivity of soil causes both a decrease in the amplitude of the thermoperiod and a phase-shift of the thermoperiod to later in the day as depth increases Watari 2003, Miyazaki et al. 2011 ). Therefore, insects at different depths within the soil column will experience a different depth-dependent variance of the surface thermoperiod. To compensate for the depth-dependent phase shift, D. antiqua and S. crassipalpis adjust their median eclosion timing so that the flies at greater depth start to eclose earlier relative to the increase in the temperature than those flies closer to the soil surface, thereby increasing the synchronization of a local population emergence from the soil Watari 2003, Miyazaki et al. 2011) . It is the dampening of the thermoperiod amplitude with increasing depth that serves as the environmental cue regulating the initiation of eclosion (Tanaka and Watari 2003 , Miyazaki et al. 2011 . M. rotundata natural nesting sites would include any above ground cavities of suitable diameter, such as cavities in trees, telephone poles, or in man-made structures (Pitts-Singer 2008) . The physical properties of these various nesting sites are likely to exhibit similar depth-dependent effects upon the thermoperiod experienced by the bees as seen for soildwelling insects. Therefore, the amplitude-dependent effect on the M. rotundata emergence timing as observed here may serve to synchronize emergence around the time of the day that the external temperature starts to rise. Besides grouping emergence around what would be the early morning rise in temperature, incubating bees under a thermoperiod also decreased the mean number of days over which emergence occurred from 5.6 d under constant 29 C to 3.8 d under an 8 C thermoperiod. The time of day an insect emerges has been argued to be critical for proper wing expansion and for preventing desiccation (Pittendrigh 1954 , Skopik and Pittendrigh 1967 , Drapeau and Werren 1999 , Karpova 2006 , Tanaka and Watari 2009 ). Adult eclosion ocurrs within the cell for M. rotundata after which the adult remains in the cell for about 3 d before emerging (Kemp and Bosch 2001) . Therefore, wing expansion and the prevention of desiccation are not likely the evolutionary drivers for synchronizing M. rotundata emergence with the early morning rise in temperature. The most likely reason for synchronizing the time of day and day of emergence is the protandrous mating strategy employed by M. rotundata. Males emerge first and then mate with the females on or near the nest as the females are basking (Gerber and Klostermeyer 1972) . Therefore, the entrainment response of M. rotundata to thermoperiodism concentrates the greatest number of bees in time and space, which may improve mating success.
Storage conditions can induce profound sublethal effects that degrade poststorage quality. Delaying diapausing O. lignaria exposure to low temperatures before overwintering storage induced a significant decrease in adult fitness (Sgolastra et al. 2011 (Sgolastra et al. , 2012 . Nondiapausing northern house mosquito, Culex pipiens L., stored for 70 d at 6 C had reduced fecundity, which returned to normal only in the F2 generation . A similar decrease in the across-generations fecundity following low-temperature storage was also observed in the mymarid wasp, Gonatocerus ashmeadi Girault (Chen et al. 2008) . Storing postdiapausing quiescent M. rotundata prepupae under hypoxic conditions led to increased survival but reduced adult feeding and longevity as compared to the normoxic control group (Abdelrahman et al. 2014 ). The three storage conditions in this investigation yielded physiologically distinct groups of bees as indicated by the significant differences in the time of day of emergence and emergence duration period under constant temperature. Despite these differences, there was no deleterious effect (as defined by successful emergence) due to storage conditions observed in this investigation on M. rotundata response to thermoperiodism entrainment of adult emergence. However, more extreme storage conditions such as those reported by Abdelrahman et al. (2014) under which other forms of sublethal effects were induced, will need to be evaluated to determine the usefulnes of M. rotundata adult emergence patterns as a biomarker for suboptional storage and poststorage quality.
In conclusion, M. rotundata adult emergence is entrained by thermoperiodism, and timing of peak emergence for the entrained bees is correlated with the increase in temperature. The amplitude of the thermoperiod is an important factor affecting the timing of peak emergence, with larger temperature oscillations causing a shift in peak emergence to after the rise in temperature. The potential impact of these results on M. rotundata management could include improving mating success by the increased synchronization of adult emergence. Another possible benefit of controlling emergence timing would be targeting the time of day that would ensure the highest rate of survival of the newly emerged adults.
